The DARHT-II DC Final Focus Solenoid March 6, 2000 1. Introduction
The baseline DARHT2 external beam uses a pulsed solenoid final focus lens. The design of this lens was presented at TOS2t and has been considered as the final focus lens in all of the Livermore beamlines for DARHT2. In this note, we consider a new alternative DC final focus solenoid. A crude comparison between the parameters of these two designs is given in table 1. The small spot size required by the radiography and the small drift distance available between the last magnetic focusing element and the final focus solenoid imposed by the close proximity between the DARHT 2 building and the DARHT 1 axis, implies a short focal length solenoid. This in turn requires that the final focus solenoid mount inside the re-entrant cavity of the containment vessel in order to accommodate the 0.9 meter conjugate: figure 1. The ID of this cavity is 13.88 inches (35.25 cm). differences between the pulsed solenoid and the DC solenoid in performance, serviceability. power, weight, and size, clearly makes the pulsed magnet superior to the DC design. and the baseline design.
The Beamline
The DARHT 2 beamline is described in report RkI-0026 ' and extends from the exit of the DARIHT2 accelerator to either 1) the main tuning dump, or 2) the xray converter tat-yet bcfoi-e the DARHT I-DARHT2 firing point, figure 2. After the kicker quadrupole-septum. them are three Collins quadrupoles to reestablish a round beam suitable for solenoid transport. The nominal beam diameter exiting the last of the Collins quadrupoles is 3.0 cm, figure 3. Only one magnetic element, solenoid S4. lies between the last Collins quadrupole and the final focus solenoid. Sff. This lens is used to adjust the system magnification. Proper choice of excitation of S4 and Sff allows a range of beam diameters on the xray converter target. We have selected an inner magnet radius of 4.0 cm as being compatible with the beam radius of 1.5 cm. An iron shield must be provided around the final focus coil to reduce the magnetic field on the target to less than a few hundred Gauss.
The Design
Having selected a 8 cm inner diameter, and constrained by the confinement vessel to a outer diameter of 35 cm, we attempt to make the DC final focus solenoid short. Short in this context means a length comparable to its diameter. Figure 4 shows the summary of the design with parameters given in table 2.
After several attempts, we determined that 7 cm of iron on the up and down stream ends of the winding, surrounded by a cylinder of 2.5 cm thick iron reduced the fringin g fields to acceptable values at the location of the target. The conductor cross-sectional area gives a current density of approximately 10 Amperes/ mm2 at 1000 Amperes. This is a nominally desirable value. Operation at a higher current is possible with either a higher temperature rise or an increased water flow. Should key-stoning be a problem, the axial length of the lens would have to be slightly increased. which sets up the couplin g coefficients for the poisson code, which solves Poissons equation for the vector potential. T&plot produces the plots shown in figures 5. 6. and 7.
Parameter
Figures 5 and 7 show the geometry and flux lines generated by the Poisson group of codes. The magnetic field protile is given in figure S for excitations of SO0 to 1500 Amperes in 100 Amperes steps. The peak field and et'fective magnetic length, L,,, for these field values are given in where B, is the central, peak field. The constancy of the length vs excitation is indicative of no saturation in the iron.
Basic Optics
The transport code" has been used to evaluate the first order beam optics of both the pulse and DC final focus solenoids. Higher order aberrations will be evaluated later in this report. Basically, two solenoids are used, solenoids S4 and the final focus solenoid Sff, to adjust the total system magnification at a fixed target distance. Table 5 gives the transport data. The pulsed lens focuses 10.0 cm pass the lens exit with a field of 17.9 kG, the DC magnet focuses 12.707 cm pass the magnetic lens exit with a field of 6.655 kG (1000 Amperes). This focus position is 4.707 cm pass the physical exit of the lens. 
Excitation
The field along the axis of the solenoid has been calculated for 800 to 1500 Amperes. The peak field at these excitations can be calculated by a polynomial fit. Equations 5.1, 5.2 and 5.3 give the second, third and fourth order fits to the peak solenoid field. These equations give B,, at the center of the solenoid in Gauss as a function of the excitation current in Amperes. Figure  12a , 12b, and 12~ show the 2nd, 3rd. and 4th order fits.
Field Profile
The longitudinal magnetic field is well fit by a eighth order reciprocal polynomial. equation ??. 1.7744 Figure 13 shows the Poisson data points and the fitted curve. equation 6.1. Figure 14 gives the difference between the Poisson data points and the points generated by the fitting.
The Trajectory Code
Program to calculate orbits in a given magnetic field in polar or rectangular coordinates simultaneously integrating the differential equations for the first order ion optic matrix elements." This code has been modified now to include axial symmetry in order to accommodate solenoid focusing. With this geometry, the magnetic field along the axis of rotational symmetry is given as a function of axial distance. The transverse field components are calculated from a Taylor series expansion about the axis satisfying 1Maxwells equations. The data for evaluatin, 0 the final focus solenoid is given in table 10.
The starting conditions for the orbits of the TRAJ code simulations were generated from the TRANSPORT code using the "ellipse" option to generate a table of points on the bounding phase space ellipse for the beam parameters of interest, here, a 1.5 cm radius beam with 3.0 cm-mr emittance, figure  15 . These particles were then numerically integrated through the field free drift leading up to the solenoid lens and through that lens, pass the image point, figures 16, and 17. The region around the image has been expanded in figures 18, 19, 20, and 21.
S. Aberrations
The first order calculations used in the beamline designs do not address the effects of chromatic and spherical aberrations in the final focus lens. The actual beam radius is given as the quadrature sum of three terms representing the effects of the finite transverse phase space. spherical aberration, and chromatic aberration.
x.1 Here R, is the initial beam radius entering the lens. f the lens focal length, F the beam emittance, c,, the coefficient of spherical aberration, and y the usual relativistic factor.
The transport code is used to generate the first order beam size and focal location, given in columns 3 and 4, tables 6, 7, 8, and 9, figure 11. Figure 15 shows the transverse phase space for beam radius of 1, 1.5, 2, and 3 cm. The inner radius of the magnet is 4 cm, so the 2 and 3 cm radius beams should show considerable spherical aberration. The "TRAJ" code is used to numerically integrate trajectories through the final solenoid magnetic field. The field components off-axis are developed by a Taylor series expansion of the axial magnetic field. The TRAJ code allows the user to select how many terms should be used in developing the off axis field components. These calculations used fifth order field expansions. Figure 17 shows 90 trajectories of a 2 cm radius beam. Here 30 points were generated on the bounding transverse phase space ellipse, figure 15, at each of three energies, E, , E, -0.5% , and E, + 0.5% . The axial region around the minimum is expanded in figures IS. 19, 20, and 21 for beams of initial radius of 1, 1.5, 2, and 3 cm.
The nominal design beam diameter on the xray converter target is 0.130 cm, 0.065 cm radius. The solid curves of figure 22 show the transport code result at the target for each of the radius values considered. The dashed curves are the result from the TRAJ code with SE/E = 0 giving only the size based on the beam emittance and spherical aberration of the final lens. Figures 23, 24 . 25, and 26 give similar curves for iO.5%, +l.O% , +1.5% , and +2.0% 6EG'E giving the combination of spherical and chromatic aberrations. The containment vessel showing the two conjugate points and re-entrant port into which the final focus solenoid must fit.
DARIHT-II beamline layout showin, (7 the magnetic components between the exit of the DARHT-II accelerator and the DARHT-I beamline. The large circle at centered at the DARHT-I DARHT-II intersection is 1.1 meters in radius. The 5'-2" shielding wall straddles the kicker quadrupole septum.
Nominal beam profile of DARHT-II the design parameters matched to the accelerator. The beam exits the accelerator at 1.0 cm radius, and expands to match the kicker at 3.0 cm radius. This beam is rounded by quadrupoles QCH, QCV, and QCW to 1.5 cm radius for transport to the final focus solenoid.
Summary of the DC final focus solenoid magnet design. Shown is the POISSON code data and a schematic of the iron shield and coil winding At 1000 Amperes, the magnet has a effective length of 20.98 cm and peak field of 6.65 kG. The magnet ID is 8.0 cm.
The POISSON code group TEKPLOT output showing the coil and iron shield. The longitudinal axis is the axis of axial symmetry, points up and extends from the center of the winding to 60.0 cm. The radial axis extends to 50 cm through the center of the lens.
The mesh generated by the POISSON code group AUTOMESH code.
The flux lines generated by the POISSON code group codes at the nominal excitation of 1000 Amperes.
Magnetic field prohle at solenoid excitations of 800 to 1500 Amperes in 100 Ampere steps. The value of the peak field and magnetic length is tabulated for convenience.
The transport first order beam envelop profile for nominal beam parameters of 20.0 MeV, 2000 Amperes, 3.0 cm-mr emittance. So!enoids S4 and Sff run at strengths 0, and 6.6884 kG. The target image is 0.12707 meters pass the magnetic exit of Sff.
The transport first order beam envelop profile for the baseline final focus solenoid for nominal beam parameters. Solenoids S1 and Sff run at strengths of 0 and 17.94 kG. FlGURE 21 RM-002025 -14 -Fit to the axial field profile at 1000 Amperes excitation. The shape is generated by a reciprocal eighth order polynomial, equation 6.1. The two vertical lines represent the extent of the magnetic length of the lens. The fitting polynomial is plotted as the curve, the cross (+) are the POISSON code calculated data points.
Difference between the Poisson code calculated data points and those generated by the fitting equation. The two vertical lines delineate the magnetic length of the solenoid.
Transverse phase space for beam radius of 1.0, 1.5, 2.0, and 3.0 cm and nominal parameters of 20 MeV, 3 cm-mr emittance. Points on these bounding ellipsoids are used by the Trajectory code to evaluate the chromatic and spherical aberrations. TRAJ code orbits for particle load along the x and y axes on a 0.25 cm grid. Orbits at +X = 1.5 cm have an angular distribution of +-2.0 mr. These orbits are defined with energies of 19.8, 20.0, and 20.2 MeV. Note that the orbits distributed along the Y axis at X=0 rotate into the x plane as they pass through the focusing lens centered at Z=O. The thickening of the lines toward the right of the plot is the effect of the energy spread, dispersed by the chromatic aberration of the final lens.
TRAJ code orbits distributed in the phase space shown in figure 15 . Plotted here is the radius vs longitudinal position, with the final focus lens centered at Z=O, imaging the beam at about 23 cm. The phase space points are run at energies deviations of -0.5, 0, +0.5%.
Expanded zone around image, for an initial beam radius of 1.0 cm +0,5% dE/E. The image point is 24.07 cm.
Expanded zone around image, for an initial beam radius of 1.5 cm +0.5% dE/E. The image point is 23.85 cm.
Expanded zone around image, for an initial beam radius of 2.0 cm &0.5% dE/E. The image point is 23.58 cm.
Expanded zone around image, for an initial beam radius of 3.0 cm *0.5% dE/E. The image point is 23.12 cm. Note the shorting of the focal length with the larger initial beam loads.
Summary of chromatic and spherical aberrations. 0% dE/E Initial particle loads of 1.0, 1.5, 2.0. and 3.0 cm, figure 15.
Summary of chromatic and spherical aberrations. iO.5% dE/E Initial particle loads of 1.0, 1.5. 2.0, and 3.0 cm. figure 15.
Summary of chromatic and spherical aberrations. tl.O% dE/E Initial particle loads of 1.0, 1.5. 2.0. and 3.0 cm. figure 15.
FIGURE 25
Summary of chromatic and spherical aberrations, &1.5% dE/E Initial particle loads of 1.0, 1.5. 2.0, and 3.0 cm, figure 1.5. The tqet image is 0.12707 meters pass the magnetic exit of Sff 
